The adhesion of long, straight, single-walled carbon nanotubes to surfaces is examined using multidimensional force spectroscopy. We observed characteristic signatures in the deflection and frequency response of the cantilever indicative of nanotube buckling and slip-stick motion as a result of compression and subsequent adhesion and peeling of the nanotube from the surface. The spring constant and the elastic modulus of the SWNT were estimated from the frequency shifts under tension. Using elastica modeling for postbuckled columns, we have determined the static coefficient of friction for the SWNT on alkanethiol-modified gold surfaces and showed that it varies with the identity of the monolayer terminal group.
Introduction
The atomic force microscope (AFM) is an important tool in the characterization of the structure and mechanical properties of carbon nanotubes (CNTs) [1] [2] [3] . The tensile strength and bending properties of both single-and multiwalled carbon nanotubes have been determined with this instrument. The high aspect ratio and small effective radius of CNTs provided impetus for attaching or growing them onto the apex of cantilever tips. Indeed, carbon nanotube tips are now important probes in atomic force microscopy [4] [5] [6] . They offer significantly improved image resolution and enable imaging of surfaces with deep crevices and trench structures [7] [8] [9] .
The elastic buckling property of nanotubes is both an advantage and a limitation when used as a scanned probe [2, 10] . Imaging with an unbuckled CNT-tip provides enhanced feature resolution compared to conventional silicon or silicon nitride tips. Imaging with a buckled CNT-tip reduces the force applied while imaging soft samples but with loss in image resolution. Several recent reports have documented the challenges associated with these tips [2, 8, [10] [11] [12] [13] [14] [15] [16] .
Under certain conditions, buckled CNT-tips will either slide freely across the surface or slip and then stick at specific locations on the surface [17] [18] [19] [20] . Indeed, surface roughness and composition play a large role in determining which phenomenon will take place. When imaging with nanotube tipped probes, it is common practice to monitor up to three different outputs from the AFM: cantilever deflection, oscillation amplitude [12, [21] [22] [23] [24] [25] [26] , and/or phase versus the extent of scanner motion [5, 12, 23, [27] [28] [29] [30] . Acquisition of oscillation amplitude and phase data requires that a mechanical perturbation be imposed on the system. Tracking either oscillation amplitude or phase is, in fact, monitoring the system response at a single frequency and can often provide misleading information and engender incomplete interpretation of the mechanical response of the nanotube. Thus, a more systematic method for determining when buckling and slip or slip-stick motion event takes place is needed.
We report herein an improved method for determining when buckling and slip-stick events occur. This method involves the simultaneous monitoring of cantilever deflection and thermal resonance during cycled movement of the AFM 2 Journal of Nanotechnology scanner [17, 18, 30] . Changes in resonance frequency and amplitude for several flexural modes of cantilever vibration provide information about the nanotube's response to compressive load (i.e., buckling and slip-stick motion), tip-surface interactions that may be present, and a more straightforward means for quantifying the CNT's mechanical properties [31] [32] [33] [34] [35] . Since comparison of the frequency response with force curve data adds an additional dimension of information to traditional force curve analysis, we will hereafter refer to this method as multidimensional force spectroscopy, MDFS.
We also present herein an examination of the response of long CNT-tips to compressive loading on several chemically modified substrates: (i) 1-undecanethiol, (ii) 11-hydroxyundecanethiol, and (iii) 11-amino-undecanethiol. Buchoux et al. [17, 18] have previously examined axial compression of SWNT on graphite and mica substrates. We present herein new evidence that adhesion between the surface and the nanotube-modified AFM tip can significantly alter the mechanical behavior of the nanotube [36] . Finally, we identify characteristic signatures in the deflection and frequency response of the cantilever that indicate buckling and slip-stick events of the CNT under compression and its adhesion to the surface under tension.
Experimental
Cantilevers with long, single-walled nanotubes attached to the probe tip were purchased from NanoDevices. These SWNT modified tips were fabricated using a chemical vapor deposition method similar to that previously described [37] . Attachment of the SWNT to the tip is assured by patterned deposition of the catalyst onto the tip and direct growth of the nanotube onto the catalyst. Prior to and following the AFM studies described herein, each tip was examined with a LEO 1550 scanning electron microscope (Carl Zeiss SMT Inc., Thornwood, NY, USA). Accelerating voltages were kept below 10 kV to reduce nanotube vibration and minimize damage from exposure to the electron beam.
Two types of substrates were used herein: silicon ⟨100⟩ chips and chemically modified template-stripped gold. The silicon chips were cleaned with hot aqueous Piranha solution (7 : 3 H 2 SO 4 : H 2 O 2 ), rinsed in filtered absolute ethanol, and then stored in a desiccator until use. Freshly prepared template-stripped gold substrates were immersed into 2 mM solutions of one of the following alkanethiols dissolved in filtered absolute ethanol: 1-undecanethiol, 11-hydroxyundecanethiol, and 11-amino-undecanethiol (the first two were used as received from Sigma-Aldrich; the last was used as received from Dojindo Chemicals). After 2 hours, the modified gold substrates were removed from solution, rinsed in filtered absolute ethanol, and then stored in a desiccator until use.
A Veeco Instruments NanoScope IIIa scanning probe microscope with extender electronics and signal access module was used for all force spectroscopic measurements. The piezo scanner was calibrated in , , and using NIST certified calibration gratings (MikroMasch, San Jose, CA, USA). To initiate each experiment, the cantilever-SWNT probe was mounted in the holder and placed in the AFM. Image acquisition was commenced without allowing contact between the probe and the substrate surface. The microscope was then placed in force spectroscopy mode and the scanner was cycled in the -direction for 2 hr under constant flow of nitrogen (2 L min −1 ) to allow the system to reach thermal equilibrium and a relative humidity <15%. The stepper motor was then used to move the substrate into contact with the end of the nanotube. Finally, force curves were acquired at a fixed scanner velocity of 100 nm sec −1 . For all experiments presented herein, the scanner moved 2 m in each direction (approach and retraction); the initial scanner position was modified to achieve the desired compression of the SWNT. The natural resonance frequency was determined from the thermal spectrum and the spring constant of the SWNT tipped cantilever was calculated using the equipartition theorem [38] .
The AFM software was set to record both deflection and oscillation amplitude as a function of scanner displacement in the dimension. Raw signals (prior to analog filtering) for the vertical deflection, horizontal deflection, and the sum signals were taken from the microscope base into a PCI-6120 data acquisition card through a BNC-2110 interface (National Instruments, Austin, TX, USA) with a data acquisition rate of 800 kHz. To correlate these signals with scanner movement in the dimension, the scanner voltage was taken from the signal access module and sent to the data acquisition card. The thermal resonance of the cantilever was measured using a Dynamic Signal Analyzer program written in LabVIEW while simultaneously acquiring the force curve. Briefly, the time dependent vertical deflection signal was converted into the frequency domain using the discrete Fourier transform. The resultant power spectral density (PSD) data was ensemble averaged and displayed in waterfall format. The acquisition time per FFT was 10 ms, the number of averages in each PSD was 16, and the number of PSDs per waterfall plot was 500. With respect to the scanner velocity, each averaged power spectral density plot represents 16 nm of scanner movement. Horizontal deflection and scanner movement were also recorded with respect to time. The reader is referred to the dissertation of Barker for complete details of the experimental system and measurement apparatus [39] .
Results and Discussion
The adhesive and mechanical response of SWNTs greater than 2 m in length during both compression and tension were examined. Each SWNT was repeatedly brought into and out of contact with the substrate by extending and retracting the scanner in the -direction while monitoring cantilever deflection and thermally driven resonance. An example of the SWNTs included in this investigation is provided in Figure 1 . The images displayed in this figure depict the same SWNT from two different angles. The results from compression and tension data can be examined in three different ways. For clarity, each of these results is discussed individually. 
Nanotube Buckling.
Approach of the substrate to the probe was performed in intermittent contact mode. The point of contact is established with a momentary decrease in oscillation amplitude as illustrated in Figure 2 (a). Upon retraction the amplitude is even further reduced but only for a brief period and then it quickly returns to the preset drive amplitude. This would suggest that the restorative forces at contact are quickly removed. Figure 2 (b) shows a typical force curve acquired with a SWNT tip with reversal of the direction of the scanner movement 60 nm after contact of the probe with the surface and with the drive amplitude of the oscillation set to zero. Note that the sinusoidal pattern in the curve is a resultant of the optical interference from the laser reflecting off both the cantilever and the substrate surface. Also note that there is no measurable deflection of the cantilever during approach and a small but notable downward deflection occurs on scanner retraction. We attribute the zero or little deflection to the high spring constant of the cantilevers (2-3 N/m) relative to the spring constant of the SWNT. Without changing or stopping scanner movement, the drive voltage for the oscillation amplitude was turned off. Thermal resonance data was then acquired by converting the time dependent vertical deflection signal acquired during the force curve into the frequency domain using the discrete Fourier transform. The resultant PSD data was collected, ensemble averaged, and displayed in waterfall format. Figure 2 (c) is waterfall plot for the cantilever resonance associated with the force curve data presented in Figure 2 (b). Time and frequency are the in-plane axes, with the amplitude of thermal resonance on the -axis. In this figure, the scanner approaches the SWNT from 0 to 20 s and retracts from 20 to 40 s. The amplitude is color encoded to help visualize changes. To reduce complexity, the data is presented in an alternative format. The plot presented in Figure 2 (d) depicts the frequency of maximum amplitude corresponding to the primary mode of cantilever thermal resonance as a function of time. Superimposed onto this data is the movement of the scanner over the identical time period to enable correlation of changes in frequency with scanner extension. For the experiment shown in Figure 2 , the apex of the curve of scanner movement (20 sec) was the moment when the direction of the scanner was reversed and the smallest gap existed between the cantilever tip and substrate. Note that there is no shift in the thermal resonance frequency during approach. A shift of 4 kHz is measured upon retraction indicating that during retraction the nanotube is put into tension.
Contact of the nanotube with the substrate was monitored both by tracking the amplitude of the oscillation when the cantilever is externally driven (Figure 2(a) ) or the primary mode resonance frequency when the cantilever was driven only by thermal motion (Figure 2(d) ). In both cases, the sudden return to baseline following contact suggests that the nanotube mechanically failed; that is, it buckled. Our interpretation that the nanotube undergoes buckling is in agreement with the similar observations made by Jiang et al. [26] . Using a scanning electron microscope, they clearly saw that compression of multiwalled carbon nanotubes resulted in buckling at short compression distances.
The critical buckling load for our nanotubes was calculated. Applying a clamped-pinned model from the Euler equation to our system, such that the nanotube is clamped at the AFM tip and pinned by adhesive interactions at the surface, yields the critical buckling load, crit , defined by
where is the elastic modulus of the SWNT, is the area moment of inertia, is a constant determined by the boundary conditions, and L SWNT is the length of the SWNT. For a clamped-pinned column, is the first nonzero root of the equation tan( ) = , or approximately 4.4934 [40] . Using the median values for a SWNT [41, 42] , where the outer diameter of the tube is 1.3 nm, an elastic modulus of 1.0 TPa, and a representative length from our samples of 3.0 m, the critical buckling load is calculated to be 0.6 pN. Using the spring constants of our cantilevers, the critical buckling load is reached in the first nanometer of compression [2, 18, 43] . This strongly suggests that our nanotubes buckle immediately after contact with the surface.
Tensile Loading.
The shift in frequency when the nanotube is put into tension (as shown in Figure 2 (d)) can be modeled as two springs in parallel. The nanotube along its long axis is one spring; the AFM cantilever is the other spring, with the effective mass of the cantilever and AFM tip separating the two. The change in resonance frequency, Δ , for such a system is directly related to the ratio of the two spring constants [17, 18, 44] . For springs in parallel, the change in resonance frequency is given by
where 0 is the thermal resonance frequency of the system in free space and SWNT and CANT are the spring constants of the SWNT and cantilever, respectively. In free space, 0 is dominated by the AFM cantilever spring constant and cantilever's effective mass. The spring constant of the SWNT can be used to determine its elastic modulus, , such that
where is the cross-sectional area and L SWNT is the length of the nanotube. Figure 3 shows the frequency response of the system as the SWNT probe is slightly compressed (only 50 nm) onto three different surfaces over chemically modified templatestripped gold: methyl-terminated alkanethiol (Figure 3(a) ), hydroxy-terminated alkanethiol (Figure 3(b) ), and aminoterminated alkanethiol (Figure 3(c) ). Under the low compression regime displayed in this figure, no frequency shift is measured during scanner extension. During scanner retraction, the nanotube-cantilever system is put into tension and shifts to a singular frequency. Note that this frequency shift is essentially the same for all three surfaces even though the strengths of adhesion of the SWNT to these surfaces are known to differ [17] [18] [19] . If the strength of adhesion is likened to an "adhesive spring, " this spring would be in series with the SWNT probe. Since the spring constant of the nanotube is believed to be much smaller than that of the "adhesive spring, " the SWNT dominates the equivalent spring constant of the probe/substrate. Thus, the shifted resonant frequency should be largely independent of the strength of adhesion.
To compute the elastic modulus of the SWNT using (3), an accurate measure of tube dimensions is required. Measurement of the length of these long SWNTs was made with a scanning electron microscope. Measurement of tube diameter is best performed with a transmission electron microscope (TEM). Our attempts to acquire the latter met with two undesirable outcomes. TEM images prior to mechanical loading experiments resulted in pyrolysis of the tube presumably due to charging effects and poor grounding of the probe while being imaged at high voltages. Pyrolysed nanotubes were no longer suitable for mechanical testing. So we elected to delay TEM imaging until after mechanical loading studies. During this phase of the investigation, the entire inventory of our nanotube-modified AFM tips were separated from the AFM tip. The repeated mechanical stresses incurred during the experiments, including compression to 30% of the length of the nanotube, caused the nanotubes to break at the nanotube/catalyst junction. This fact is illustrated in Figures  4(a) and 4(b) . In some instances, detached nanotubes were located on the surface while imaging with the AFM tip to which they were formerly attached, as depicted in Figure 4 (c).
In this case, tube diameters were determined from heights measured through imaging using the AFM tip to which they were formerly attached. The cross-sectional area needed in (3) was computed in the following way. An average diameter of 1.4 ± 0.1 nm was found from AFM images of broken nanotube tips. The manufacturer of the SWNT probes claimed that they were single-walled; the measured diameter is consistent with this claim.
Nanotube lengths were determined from SEM images and ranged from 2.0 to 5.7 m. Using these values and the measured frequency shift, Δ / 0 , the elastic modulus of the single-walled carbon nanotube is found to be 1.6±1 TPa. This result is in good agreement with previous literature values for the elastic modulus of SWNT [41, [45] [46] [47] . The uncertainty in our reported result is due to the precision of frequency measurements and the relative magnitudes of SWNT and CANT . In our system, and CANT is an order of magnitude greater than SWNT ; the uncertainty of the calculated modulus decreases exponentially as the ratio of the spring constants approaches unity [31] .
Friction Analysis.
The SWNT tips were also subjected to larger compression displacements. Thermal resonance data for a nanotube brought into and out of contact with aminoterminated alkanethiol-modified gold surface is presented in Figure 5 as the extent of compression is increased. In each graph, the dashed line indicates the point of contact. It is seen that the frequency response changes in magnitude and duration with increasing compression. Figure 5(a) is similar to the previous pattern of contact with immediate buckling during scanner extension, followed by tension during retraction. Figure 5(b) shows the frequency shift as the SWNT was compressed for a distance of 300 nm instead of 50 nm ( Figure 5(a) ). After initial contact and buckling, the frequency rises and falls with scanner extension. Sudden shifts to higher frequency indicate that the nanotube is pinned on the surface and provides resistance to cantilever oscillation. Sudden shifts to lower frequency indicate that the nanotube buckles and/or slips on the surface, removing this resistance. In Figure 5(b) , the nanotube undergoes two distinct slipstick-buckle events during approach. During retraction, several stick-tension-slip events are observed. The retraction portion of the force curve displays a sawtooth pattern that is indicative of slip-stick motion (data not shown). As the compression on the nanotube is further increased (710 nm), additional slip-stick-buckle and stick-tension-slip events are observed ( Figure 5(c) ). Note that the magnitude of frequency shifts in Figure 5 (c) is greater than that found in Figures 5(a)  and 5(b) .
The slip-stick phenomenon depends upon the chemistry at the SWNT-substrate interface. Figure 6 shows the thermal resonance frequency response for a single SWNT probe brought in and out of contact with three different chemicallymodified gold substrates applying approximately the same compression distance. Figure 6 (a) depicts the interaction of the SWNT with a methyl-terminated alkanethiol. Minimal shifts in frequency are observed during retraction indicating that the nanotube slides freely on the surface. Figure 6 (b) depicts the interaction of the SWNT with a hydroxyterminated alkanethiol. A measurable frequency shift is observed consistent with an increased affinity of the nanotube for the hydroxy-terminated surface. Figure 6 (c) depicts the interaction of the SWNT with an amino-terminated alkanethiol. The frequency response for this surface is larger than for the hydroxyl-terminated surface. Taken collectively, the data presented in Figures 5 and 6 suggests that the number and extent of slip events is indicative of the strength of adhesion between the nanotube and the surface; that is, -CH3 < -OH < -NH2. This trend is consistent with previously published adhesion measurements [20, 30, [32] [33] [34] 40] . The results in Figures 3 and 6 may, at first glance, appear to be in conflict. At minimal compression, the SWNT buckles but does not slip. In the absence of slip, the surface chemistry has no effect on the frequency response of the system. In the presence of slip, nanotube-substrate chemistry mediates the extent and duration of the observed frequency shifts. Differences in the chemistry of the interface can be distinguished after compression-induced buckling and slip. Thus, there is no conflict between the data presented in the two figures.
Interestingly, after the buckling event (the system is now described as postbuckled), the force required to overcome the adhesion at the pinned end of the nanotube and enter the slip-stick domain is, by definition, the frictional force. A prediction can be made about the shape of the buckled nanotube as it undergoes further compression by applying an elastica model of a postbuckled column [36, 39] . 
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The boundary conditions for this problem correspond to a clamped-pinned configuration: zero displacement and rotation at the clamped end and zero moment at the substrate. It is assumed that the contact point is directly beneath the AFM tip; however, the probe tip can be moved to the left or right by varying . The differential equations and associated boundary conditions were solved using the Matlab solver for boundary-value problems, bvp4c, as previously described [36, 39] . Through the solution of the boundaryvalue problem, the horizontal and vertical forces at the pinned endpoint can be calculated at different compression steps. The distance from the AFM tip to the substrate surface is varied through choice of the boundary condition. Figure 7 shows the evolution of the nanotube shape as the scanner height is raised; that is, the tip to substrate distance is decreased. Note in particular how the angle that the nanotube makes with the normal to the substrate is predicted to increase as the nanotube becomes more and more buckled. This trend is further revealed in Figure 8 , which shows the angle as a function of the normalized scanner height. Note that when the scanner displacement is near 30% of the nanotube length, it is predicted that the postbuckled shape will meet the substrate at near 90 ∘ angle. The variation in the angle predicted by this model can be used to determine the friction coefficient as described below.
At the substrate surface, the horizontal force, , is equivalent in magnitude to the force of static friction, , and the vertical load, , is equivalent to the magnitude of the normal force, . Since the moment at the substrate-end of the elastica is zero, it can be shown that
It is important to note that (4) holds regardless of whether the normal load is due to elastic deformation of the SWNT or due to adhesion, or both. A corollary to (4) is that the coefficient of friction, , necessary to prevent slip can be found using the relation
In other words, ≥ tan . For each compression step, the minimum coefficient of friction required to keep the tube pinned can be calculated using (5) . As compression increases, the angle increases and, consequently, the minimum coefficient of static friction must increase if the nanotube is to remain pinned to the surface. Figure 9 shows the minimum coefficient of friction as a function of the normalized scanner height. The middle (blue) curve corresponds to the nominal case where the substrate is perpendicular to the -axis. Inclining the substrate will either inhibit or favor slip; the neighboring lines in Figure 9 correspond to ±1 degree rotation of the substrate. Figure 9 can be used to estimate the friction coefficient between the nanotube and substrates having various chemical coatings.
Specifically, the scanner extension and cantilever displacement can be monitored in an experiment until the first slip event is detected. The relative change in the distance between the AFM tip and the surface (normalized by the undeformed probe length) at the first slip event is used as the abscissa value in Figure 9 to yield the coefficient of friction. The procedure described above was used to estimate the coefficient of friction for three surfaces of self-assembled monolayers on template-stripped gold. For the methylterminated monolayer (11-undecanethiol) , the coefficient of friction was found to be 0.11; an uncertainty of 1 degree in the nominal surface angle yields an uncertainty of ±0.02. Similarly, the friction coefficients were estimated to be 0.34 ± 0.02, and 0.47 ± 0.02 for 11-hydroxyl-, and 11-amino-undecanethiol, respectively. These results are in the ranges seen by others who worked on friction of Si N AFM tips and self-assembled monolayers and different carbon materials [20, 27, 28, 35, 48] .
Conclusions
In this report, we demonstrate the advantages MDFS offers to studying mechanical responses and adhesive interactions at the nanoscale. By monitoring the shift in the thermal resonance frequency, MDFS enables the calculation of the spring constant and elastic modulus of carbon nanotubes under ambient conditions. This approach delineated herein Journal of Nanotechnology is not limited to SWNTs; it is directly applicable to a wide variety of nanoobjects including nanorods, nanofibers, and biomolecules under tension. Additionally, an elastica model of the postbuckled state of the nanotube has been developed. By monitoring the location of the frequency shift in thermal resonance, the static coefficient of friction has been calculated from experiments performed on three different chemicallymodified surfaces. The results presented herein are, to our knowledge, the first static friction results for carbon nanotubes on self-assembled monolayers. The observed trend in the dependence of the coefficient of friction with the identity of the terminal group on the monolayer follows the same trend previously observed for the strength of adhesion between a SWNT and an alkanethiol-modified surface [40, 49] . In a broader context, this work cautions that high aspect ratio nanotube probes buckle under minimal compressive loads. Nanotube buckling leads to imaging artifacts [5, 25, 30, 50, 51] . Imaging in intermittent contact mode does not, necessarily, prevent this artifact. As demonstrated in Figure 2 (a), a buckled nanotube does not necessarily dampen cantilever oscillation. Proper imaging protocol requires acquisition of an oscillation amplitude plot and setting the set point value to the first point of cantilever damping. The spring constant of the cantilever must also be carefully chosen. Equation (1) predicts the force at which a SWNT buckles. We suggest the following equation for choosing a cantilever with spring constant CANT so that it will not cause a nanotube with an aspect ratio, , and outer diameter, , to buckle after contact and 10 nm of axial compression:
CANT < 
This equation treats the SWNT as a column whose inner diameter is half of its outer diameter because that approximates the relationship for SWNTs. During intermittent contact mode imaging, it is possible that the nanotube can experience compressive loads up to 10 nN. The constant at the end of the equation is the product of all other constants and allows the remaining variables to be calculated using SI units. Without careful consideration of the spring constant of the AFM cantilever relative to the critical buckling load, high aspect ratio carbon nanotube AFM probes will buckle during imaging, even in intermittent contact mode.
